We have measured the dependence upon target-foil temperature of the linear polarization fraction (M / I) of the 2s 1
I. INTRODUCTION
In recent studies of the interaction of fast ions with thin carbon foils, Hlght et al. ' have measured the electronic alignment produced in excited neut r a l helium. They found that the alignment of the ?p ' P state oscillates a s a functlon of beam velocity and also varies with beam c u r r e n t density. The variation of alignment with beam c u r r e n t density AA:/A J also oscillates a s a function of beam velocity. In this paper we analyze the possible effects on the electronic alignment of the foil temperature and, in turn, of the secondary electrons produced by the ion moving through the solid. We present measurements which explain s o m e of the basic features of the observed alignment variations and discuss other factors contributing to the produc tion of electronic alignment.
It has been previously that the number of back-scattered secondary electrons produced when f a s t ions bombard solid targets i s dependent on target temperature, and sternglass4 has explained these results qualitatively. Hence we may expect that secondary electron production may also vary with the foil temperature in f a s t ion collisions. Therefore, we have performed two experiments attempting to relate the secondary electron flux to the production of alignment in the f a s t ion beam. We have measured the alignment of the 3 p 1 p , He1 state a t beam energies between 60 and 180 keV a s a function of the foil temperature. Second, we have shown that the secondary electron flux v a n e s a s a function of the foil temperature f o r the s a m e ion beam energies. The results show that the alignment variations observed by Hight et al. ' a r e due to changes in the foil temperature.
The alignment appears to depend on the secondary electron flux, but this is not definitely proven by the experiments.
In Sec. 11, we describe the experimental arrangement for our measurements of the temperature dependence of the optical polarization and secondary electron flux. Results of these experiments a r e presented in Sec. III. In Sec. IV we discuss possible explanations for our observations and the implications which these observations have in t e r m s of existing theories of the interaction of fast ions with thin solid foils.
During the course of this work, we have developed a new method for measuring the temperature of thin carbon exciter foils. A detailed description of this method i s presented in an Appendix.
EXPERLMENT
Experimental work was c a r r i e d out with the University of Chicago's 250-keV linear accelerator. The experimental arrangement is shown in Fig. 1 . The He' beam f r o m the accelerator passed through a 6.4-mm diameter tantalum collimator and then through the carbon foil located downbeam. Beam dispersion was such that its diameter increased by roughly 1 m m by the time it reached the foil, s o that the beam aperture was completely 'filled.
The temperature of the carbon exciter foils was measured using an Ircon 300L bolometer, having a spectral range of 2.0-2.6 p (see Appendix). The bolometer was sighted through a quartz window on the side of the chamber, the line of sight being 39.5" from the foil normal. The carbon foils w e r e supported and externally heated by an assembly consisting of two machined glass ceramic plates sandwiching a length of 26 gauge nichrome wire, bent around 3 beam apertures. The thickness of the heater assembly required that one side of the holes b e beveled outward (see Fig. 1 a t either end of the plates, which held the assembly together and acted as feed-ins f o r the heater current. With a maximum c u r r e n t of -6A, the heater w a s able to produce foil temperatures in excess of 950°K. The ceramic plates w e r e coated with carbon black in o r d e r to reduce the background light in the chamber due to glowing of the nichrome when i t w a s hot. The chamber p r e s s u r e during these experiments was nominally 5~10-"0rr.
When the nichrome filament was hot, however, the p r e s s u r e r o s e quickly and then fell slowly to a constant level a s the foil holder outgassed. At the highest heater c u r r e n t , the p r e s s u r e was about 9 x 1 0 '~ T o r r .
Using the optical detection s y s t e m described by B e r r y et ~1 .~
we measured the linear polarization fraction Stokes parameter (M/I) for the 2s ' S -38 'P, 5016-A transition in HeI. Beam energies w e r e varied between 60 and 180 keV, with the carbon exciter foils being perpendicular to the ion beam in a l l cases. F o r this geometry and atomic transition, M/I is related to the F a n o -~a c e k % -lignment parameter A: '' ized to beam current collected in the Faraday cup. Because the cup w a s not shielded f r o m s t r a y secondary electrons, we determined the actual ion flux by measuring c u r r e n t with an empty foil holde r in the beam. That we a r e not measuring actual beam c u r r e n t during the run is unimportant a s f a r normalization i s concerned. T h e r e is a s m a l l c o rrection due to the fact that secondary electron current is not strictly proportional to ion b e a m curr e n t ( s e e Sec. 111). In practice, this correction is negligible. Ideally, the experiment should b e performed in the limit a s beam c u r r e n t vanishes. Adequate statistics, however, demanded that beam currents of a t least 0.5 yA b e used. At the beginning of each run, the temperature of the foil was measured with external heating only, and a l s o with the beam passing through the foil. The c u r r e n t w a s adjusted s o that the difference between these two temperatures was always l e s s that 15°C. During the M/I v e r s u s temperature runs, c a r e was taken to avoid beam "hot spots" o r s m a l l a r e a s of high c u r r e n t density, which would have produced artifically high values of M/I (due to the c u r r e n t effect of Hight et al.). These were visible as pinpricks of enhanced luminescence on the quartz beam stop a t the end of the Faraday cup, and w e r e eliminated by adjusting acceleration, extraction, and focussing voltages.
The secondary electron experiment was performed with foils mounted on A1 holders attached to a wheel that rotated them into the beam. An electric field plate, 2 c m x 3 c m (extending 3 c m downbeam), connected to a high voltage power supply was placed 1 c m above the grounded foil holde r s . Secondary electron production was monitored by reading the current between the foil holder and plate when the potential difference was 4000 V.
RESULTS
In order to demonstrate an equivalence between temperature and beam c u r r e n t effects, i t was f i r s t necessary to obtain the relationship between curr e n t density J through the foil and the foil temperature T. The temperature versus c u r r e n t relationship a t a beam energy of 127 keV is shown in Fig.  2 . Calculations of the relative effectiveness of heat dispersion by conduction, convection, and radiation show that for 10 yg/cm2 foils and a chamb e r temperature of 293 OK, f o r foil temperatures above 530°K, 90% o r m o r e of the foil's heat loss is due t o radiation. As a result, we expect foil temperature to go a s J "~, This is what is observed; if we fit the data of s e t s of 8 p a i r s of readings, each pair giving a n M / Z value. Each s e t represents about 16 000 counts. The standard deviation of the s e t s was always close to 1% in M/I. Since each M/I determination was based on roughly the s a m e number of raw counts, this 1% figure was adopted a s the e r r o r estimate f o r a l l data points. A typical slope, a t 122 keV is shown in Fig. 3 . The time required to take data points was about h. This effectively eliminated any possible short-term time-dependent effects.
Fitting a straight line to these points gives a The good agreement between the high-current r esults of Hight et al. and our temperature data taken a t -920 "K is perhaps the b e s t demonstration of the equivalence between c u r r e n t and temperature effects.
T E M P E R A T U R E D E P E N D E N C E O F A L I G N M E N T P R O D U
In the secondary-electron experiment, we measured y , the ratio of the ion beam c u r r e n t to the electron current measured a t the field plate. The a result which a g r e e s qualitatively with Meckbach'sa observations, although our method was by no means a quantitative way to achieve results for the secondary yield. Our experiment was unable to differentiate between angle of emission, electron energy, o r the side of the foil f r o m which the secondaries emerged. However, our relative electron yields should b e m o r e accurate, and of the o r d e r of * l o % . In Fig. 6 we show the variation of electron flux with foil temperature a t a beam energy of 175 keV. A marked decrease results f r o m increasing the temperature. A least-squares fit to the data gives S, = ( A~/ A T ) , which is plotted versus beam energy in Fig. 7 . Similar decreases in secondary emission (seen a s an increase in Faraday cup current) w e r e observed when the foil was heated externally during the course of the polarization measurements. The electron c u r r e n t due to thermionic emission h e r e is negligible. The thermionic c u r r e n t f r o m the foil a t 900°K is < 1 0 "~ PA. Fig. 1 ). The two interesting features h e r e a r e the semi-oscillatory behavior of M/I with energy, and the previously mentioned c u r r e n t dependence. Figure 8(b) shows S J a s a function of beam energy. Oscillatory behavior occurs here also, with two definite maxima. It is interesting to note that the f i r s t two maxima of S, occur a t the s a m e energies a s the f i r s t maximum and minimum of M/I. This work attempts to partially explain the curr e n t dependence of M/I. Our experiments show that this effect i s due to the temperature change One readily observable change which occurs when the foil is heated is that y, the number of secondary electrons produced p e r incident ion, decreases. Previously, this had been observed only f o r thick solid
The theory f o r temp e r a t u r e reduction of y has been developed by ~t e r n~l a s s .~ Secondary electrons a r e produced in a solid in one of two ways. "~r i m a r y " secondaries a r e produced in glancing collisions between the ion and an electron of a target atom. If, however, a head-on collision occurs between the incident ion and this electron, a 6 ray, o r "knock-on" electron is produced, which can have velocities 3 o r 4 times 
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for most metals a r e between 5 x lo-* and 5 x lom3 "c-'. Hence our results a r e consistent with a phonon gas model. "~r i m a r y " secondaries, while having roughly the s a m e initial velocity a s the ion (10-12 eV energy losses for secondary production a r e typical), lose energy through collision and will, in general, trail behind the ion a s i t leaves the surface. Secondaries produced by collision with 6 rays, however, tend to reach the surface before the ion. The number of electrons trailing and preceding the ion should be roughly equal, because equal amounts of energy go into each production mechanism, a s shown by 3ethe3 and ~o h r . " The escape depth for secondaries, i.e., the greatest depth a t which a secondary can be produced and still escape the surface i s , at most, 30-40
Since production i s peaked in the forward direction, the large majority of secondaries, while not necessarily having velocities parallel to the ion beam, will emerge no more than 10-15 A from its track.
These considerations lead to a simple explanation of the temperature dependence of the alignment, o r M/Z. As the foil temperature increases, the number of secondary electrons produced by each ion decreases. These electrons surround the ion as i t leaves the surface, at distances of -10 A, creating a random electric field in the r e s t frame of the ion, rapdily varying in time. This field will have peak strengths on the order of 5 x 10' v / c~, and will completely mix any electronic states already produced in the ion. This mixing will reduce the degree of alignment (or anisotropy).in the electron cloud surrounding the ion, hence reducing the polarization observed. For higher temperatures and fewer electrons surrounding the emerging ion, we expect higher degrees of anisotropy in the excited states.
F o r this model to make sense, there must b e some other mechanism for producing the anisotropic state. This mechanism could possibly b e the static surface fields discussed bv ~c k " and ~o m b a r d i . '~ However, the oscillatory structure a s a function of beam energy of both the alignment and i t s temperature-beam-current dependence S+ o r SJ, point to a dynamic time-dependent surface field, creating alignment by Stark mixing of different I sublevels within a given n Such a time-dependent field develops from the polarization wake f i r s t postulated by ~o h r . " In this model extended by Neufeld and ~i t c h i e " and by Vager and ~e m m e l l , " the moving ion passing through the solid induces a polarization wake which oscillates both in distance from the ion and in time, with the plasma frequency of the solid. The wake also decays in time, a t a r a t e determined by the plasma damping constant. The induced wake produces strong electric fields (-lo8 ~/ c m ) which extend about 10A outside the foil surface a s the ion leaves the foil. The field seen by the ion depends on its energy (velocity) and the plasma frequency of the solid. The length of time during which the field and the ion interact is determined by the time constant for plasmon damping and the velocity of the particle. A possible test of this model is to probe the energy dependence of alignment a s a function of foil material, i.e., a s a function of plasma frequency and plasma damping constant. Some initial work in this respect has been donei7 Gut not over a large enough energy range to provide a test.
We should note that the influence of secondary electrons on the polarization has not been rigorously proved. Such proof would be difficult to obtain experimentally. Secondary-electron emission Varies little f o r different target material^,^ and for a given material there is no way to change y without changing temperature also.
Our secondary electron model, while explaining why polarization increases with temperature, fails to explain the oscillatory behavior of SJ. One would naively expect S, to vary in a similar manner to s,, but this i s not the case.
The variation of S, is easily explained by considering the stopping power for He' on C as ,a function of energy. y , and hence S,, a r e proportional to stopping power. Since -(dE/dx) increases monotonically with beam energy below 750 keV, we expect a similar r i s e in -S, for our energy range. If we fit a straight line' to the data of Fig. 7 and compare the percentage change in S, with the same change in stopping power between 70 and 180 k e~,~ we obtain 0.30i0.15 and 0.37, respectively; the results agree to within the e r r o r of the fit.
The failure of our model to explain the behavior of S , with beam energy leads us to consider other possible mechanisms for the current-temperature effect. One possible explanation is that by heating the foil, we a r e changing its structure, which in turn affects the outgoing ion. Kakinoki et a1.,I8 Kupperman et a1.,I9 and Devenji et aZ.20 have all observed structural changes in carbon films which they heated above 800°K. These changes were not reversible, however, indicating that a structural effect cannot explain our results, which are. Another explanation is that we a r e changing the surface characteristics of the foil by thermal desorption of contaminants. We have observed that M/Z values do not change for ambient chamber pressures ranging from 5 x 1 0 -~ T o r r to 10'' with and without cold trapping, a result which tends to discount this possibility. However, experiments at ultra-high vacuum with absolutely clean surfaces a r e needed before i t can b e rejected comple-tely.
Two other observations we made shed some light on the secondary electron model. During the secondary-electron experiments, we measured several values of M / I at different beam currents and energies. These values were independent of external fields (up to -4000 V/cm). This implies that if the secondaries a r e in fact affecting polarization, they must be doing s o close to the surface, before they can be swept away by an external field. We also measured the ratio of intensities of the 3P 3~-4 d 3~ Hel, 4471 A and the n=3-4 Hell, 4606 A transitions for different beam currents a t a beam energy of 120 keV to see if the charge state ratio of the emerging ions varies with temperature, There was no observable change within statistics between 600 and 960 O K . This result implies that the secondary electrons a r e not being picked up a s the ion emerges. This conclusion is supported by the absolute intensitiy measurements of ~a r d i n e r ,~' although his temperature measurements, as discussed in the Appendix, may be inaccurate.
V. CONCLUSIONS
We have shown that the current dependence of the linear polarization fraction M/I of the 5016 2 s '~-~P ' P transition in He1 is due to the temperature increase in the foil caused by beam heating. In addition, we find that a s the foil temperature increases, the number of secondary electrons produced by each ion decreases. We suggest that the reduction in electrons surrounding the ion a s it leaves the foil surface leads to the increased alignment (M/I) at higher temperature. The energy dependencies of M / l and its variation with temperature-beam current a r e not explained by the monotonic change of S, ( d y / d~) with energy. We suggest that the energy variations a r e produced by a time dependent surface electric field produced at least partially by the decaying polarization wake in the solid.
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APPENDIX

Temperature measurement
The temperature of the carbon exciter foil was measured using an infrared optical pyrometer; specifically an Ircon 300L bolometer, which has a spectral range of 2.0-2.6 y. Other techniques have been used for measuring temperatures of thin foils. yntemaZ2 and Whitmell el ~1 . '~ have used a furnace surrounding their foils for heating and assume that the temperature of the foil i s equal to that of the furnace. As we will show later, this is a poor assumption except at high temperatures. ~a r d i n e r~' places a thermocouple in close proximity to the foil and wrongly assumes that the temperature he thus measures corresponds to the foil temperature. He fails to observe the considerable foil temperature change due to ion beam heating because the low thermal conductivity of the thin foil allows a large temperature gradient between it and the foil holder.
Temperature monitoring with an infrared optical pyrometer is advantageous because it provides instantaneous, local readings of foil temperature which, again considering the extremely small thermal conductivity of the foils, appears to be important.
The disadvantage with an optical measurement of the temperature is that it requires a knowledge of the emissivity of the foil. The emissivity is a function of the foil thickness, of the observation angle and (except for a gray body) of the wavelength. Our experimental geometry (see Fig. 1 ) limited our observation angle to 39.5 &2.0° from the foil normal. The emissivity of a body i s given by where T and R a r e the transmissivity and reflectivity of that body for a given angle of observation and wavelength. Alternatively, one can use the expression The starred quantities refer to the apparent transmissivity and reflectivity. In any simple optical experiment these a r e the directly measured quantities. Due to multiple reflections a t the surfaces the apparent reflectivity is somewhat higher, and the apparent transmissivity somewhat lower than the true values. In order to determine the emissivities of our foils, we mounted test samples of varying thicknesses on A1 holders with 6.4-mm apertures. The apparent transmissivities of the foils as a function of thickness were then measured. We first sighted the pyrometer through a blank aperture on a smooth piece of metal held r ---I parent reflecting bodies, the apparent transmissivity is given by I Fitting a straight line to the data in Fig. 9 we find that i t s zero-thickness intercept gives a true could fit a straight line to our data; the second FIG. 9. Apparent transmissivity of carbon foils for t e r m in the denominator of (A3) becomes negliradiation between 2.0 and 2.6 p vs foil areal density. gible s o T* simply equals T times a constant. It Foil normals tilted 39.5 +lo to incident radiation. Thickness e r m r bars not shown.
should be noted that R is independent of thickness. Knowing R and T* versus thickness, we can cal-
at about 425 "C. The blank w a s replaced by a foil sample and the ratio of intensities w a s measured, giving the apparent transmissivity. The plane of the foil was held a t 39.5 *lo relative to the line of sight of the pyrometer. The results of these measurements a r e shown in Fig. 9 . Several foils were used f o r each thickness in o r d e r to account f o r changes in emissivity due to wrinkling of the surface. The observed apparent transmissivities f o r different foils of the s a m e thickness group w e r e consistent to an experimental precision for a given measurement of * 10%. Foil thicknesses w e r e those specified by the manufacturer with a quoted e r r o r of i 1 Fg/cm2 o r l o % , whichever was bigger. M c~a h o n~~ has shown that for partially transculate T versus thickness using (A3). Then, f r o m Eq. (Al), we obtain E a s a function of thickness. These results a r e shown in Fig. 10 . The foils used in our experiment a l l had a r e a l densities of greate r than 9.5 Fg/crnm2 and l e s s than 11 g/cm-2. F o r a l l temperature measurements we assumed the foils had an emissivity of 0.29 i 0.10. While tietermination of the emissivity for a specific thickness would in theory only require two measurements (R* and T*), in practice measurements of R * a r e difficult to make and often yield unreliable results, in s o m e c a s e s differing by a s much a s 100% for the s a m e foil. I t is reasonable to expect the emissivity to depend on foil structure. During high-temperature runs (see discussion in Sec. 111) the foil structure almost certainly changes to s o m e extent, but no 
